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ABSTRACT

The IMP 2 satellite was launched on October 4, 1964 with apogee
at 15.9 Rg near the Earth-Sun line. Two onboard monoaxial fluxgate
magnetometers measured magnetic fields in interplanetary space, the
magnetosheath, and the magnetosphere during the time interval between
launch and April 7, 1965. Analysis of over 325 hours of interplanetary
data distributed throughout the first two months of operation revealed
structuring of the interplanetary magnetic field into four recurring
sectors of approximately equal size. Average fields within each sector
were directed either toward or away from the sun near the theoretical
spiral angle. High magnitudes and increased geomagnetic activity tended
to occur early in the sectors and lower fields and quiet conditions at
the end. Field directions in the magnetosheath were found to be
highly deépendent on the sector direction. Results suggest that fields
convacted through the bow shock front undergo compression and an angle
change at the shock and subsequently tend to beccome aligned tangent
to the magnetopaus=z. Frequently both the shock front and.the magnetopause
were observed to move back and forth past the satellite. Comparisons
with onboard plasma detectors showed very good szgrcement in identifying
the magnetosheath., Several passes were notable for the lack of a clear
magnetopause in both plasma and field data, The average magnetic field
topology in the magnetosphere between approximately 9 and 16 R; in the
dawn-to-midnight region was definitively mapped. Results demonstrate
solar wind distortion of the magnetosphere and the gradual formation of

the magnetic tail in the dawn-to-midnight region.



L INTRODUCTION

The IMt 2 or Explorer 21 spacecraft was launched from Cape Kennedy,
Florida, at 0345 GMT on October 4, 1964. The apogee at launch was in the
sunward direction at a geocentric distance of 101,940 Km = 15.9 RE (earth
radii) and the perigee was 197 Km above the surface of the earth.

Initially the orbit was inclined to the geographic equator at an angle

of 33.5° and the orbital period was 34.9 hours. The apogee was 5.6 Ry

below the soiar ecliptic plane at launch but six months later it had changed
to 3 RE below. The spacecraft was spin stablilized with an initial spin
rate of 14,58 rpm which subsequently increased to 18 rpm due to solar
radiation pressure acting on the solar paddles. The spin axis direction

in celestial inertial coordinates at launch was right ascension = 41,49,
declination 47.4°, and had changed to right ascension = 760, declination

= 22° near the end of the productive lifetime on April 7, 1965.

A qalfunction in the third stage of the launch vehicle was responsible
for the IMP 2 apogee being less than one-half the intended value and for the
spin rate being well below the 23 rpm nominal value. Also, the spin axis
direction was 78° removed from its nominal pre-launch value, which led to
an unusually wide range of incident sun angles, causing overheating and a
partial failure of the silver-cadmium battery after two months operation.
Thereafter power was obtained directly from the solar paddles and operation
was limited to times of favorable sun aspect angle relative to the spin
axis.

In figure 1, the orbit of IMP 2 is shown projected on the solar ecliptic
plane with the sun toward the left. As the earth progresses around the sun,

the orbit appears to move by 1.5° per orbit toward the dawn meridian.



During the tirst 40 orbits from October 4 to November 30, 1964 the spacecraft
mapped the earth's magnetopause and penetrated through the bow shock wave
into the interplanetary medium on almost every orbit. During the 12 orbits
from November 31 to December 17, 1964 unfavorable sun angles and a failing
battery resulted in intermittant operation. On December 18, during orbit

53 the sun angle had changed so that nearly continuous operation was again
possible until orbit 89 in February 1965. During this interval the spacecraft
continued mapping the magnetopause and making measurements in the
magnetosheath and the magnetosphere. On February 9, 1965, the incident

sun angle again reached a value such that solar paddle power was inadequate
and operation became erratic until March 6, 1965. Useful data was

obtained from orbits 107 through 128 but after April 7, 1965 only very

short intervals of data were obtained.

Officially IMP 2 was designated a failure because its low apogee
precluded extended observations of the interplanetary medium. In practice
considerable data on magnetic fields were obtained in the
magnetosphere, the magnetosheath and even for a limited time in interplanetary
space. This paper summarizes the general results obtained by the magnetic
field experiment.

Because of the intermittent operation and continually varying spin
axis, an extensive analysis has been performed on the data obtained from
the magnetic field experiment in order to verify its accuracy. This work is
discussed in Sections 2 and 3. Measurements of the magnetosheath and its
boundaries are discussed in section 4, and motion of both of these
boundaries is emphasized. Interplanetary magnetic field measurements

are presented in section 5, and the sector structure of the interplanetary




field is discussed and related to other satellite measurements at
different epochs. In section 6 the topology of the geomagnetic field
in the dawn-to-midnight region is presented. Reports by Wolfe et al.
(1966), Serbu and Maier (1966), Balasubrahmanyan et al.(1965), and
Anderson (1965) have discussed limited results obtained from other

experiments on the same satellite.
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2  INSTRUMENTATION AND ANALYSIS

Both the instrumentation of the magnetic field experiment and the satellite
data telemetry format on IMP 2 are identical to that of IMP 1 flown one
year earlier (Ness et al,1964). Two monoaxial fluxgate magnetometers
(hereafter referred to as A and B) were mounted at the extremities of double
sectioned folding booms. These booms were erected at third stage separation
so that the sensors were placed 2.1 meters from the center of the spacecraft,

The sensors make nominal angles of 60° and 30° respectively with the
spacecraft spin axis and have dynamic ranges of approximately -+ 40 gammas.
Magnetic fields greater than 40 gammas can be measured, depending on the
angles the detector and the field direction make with the spin axis. IMP 2
also carried a rubidium vapor magnetometer with a range of 3-500y. This
instrument operated intermittently because of poor signal-to-noise ratio
during early orbits but produced some useful total field measurements later
in the flight.

The telemetry data format on IMP 2 is based on a sampling cycle which repeats
every 5.46 minutes. During this interval the two fluxgate magnetometers are
alternately sampled continuously for 4.8 seconds at 20.5 second intervals
until 12 measurements have been obtained. Then the rubidium vapor magnetometer
is sampled continuously for 81.9 seconds before the fluxgates are again
sampled at the beginning of the next cycle. Each 4.8 second data sample
is the spin modulated output of one of the fluxgate sensors. The telemetry
data is digitized on the ground with +0.4 gamma precision at intervals

of 0.160 seconds. A ten gamma calibration field is added to the ambient field
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during the first four data points and the vector field information is
extracted from the remaining 26 sample points. This spin modulated curve
from IMF 1 wes analyzed with numerical filters but the abnormally low
spin rate of TP 2 made an alternate approach necessary.

The new methed chosen was to obtain the best fit sinusoid to the
26 deta points by minimizing the square of the deviations of the a;sumed
sine wave from the actual curve. The spacecraft spin rate is measured
from the onboard solar aspect sensor, so the parameters to be determined
in the least squares fitting are the sinusoid amplitude A, the zero

base level C, and the pnase ¢g. The detected output D is the component

of the field B parallel to the sensor S and may be written as
D = B*S = Bcos @ cos € + B sin @ sin 8 cos (wt - §)=C+Acos(wt-%o) (1)

—
where o is the angle betwee B and the spin axis, { is the aximuthal angle

of the field relative to the satellite-sun vector, 8 is the angle
the sensor makes with the spin axis, and w is the spin frequency.

The first term is the field along the spin axis projected on the
detector and is independent of time. This term can be identified as
the zero level of the curve,so B cos & = Bj/ = :%;6, The second term in
equation 1 is the field perpendicular to the spin axis projected on the

detector. This term varies with time as the detector spins and the
coefficient of cos (wt - §) may be equated to A, the amplitude of the curve.
Thus B sino = B, = ;%;5 . The quantities B/, B, and y completely
determined the vector field in payload coordinates. Rotation into

more meaningful coordinate systems can be accomplished with knowledge

of the spin axis direction.
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The accuracy of the vector measurement determined by a single
spinning sensor may be poor if the ambient field fluctuates during
the 4.8 second sampling interval. To check on the quality of the [fitted
curves, the root mean square deviation of the 26 data points from the
Least Squares curve was computed. A good fit to the data points is then
an indication of the relative unimportance of the time variations in the
field.

Figure 2 shows four examples of raw spin modulated data with computer
determined best fit curves and associated root mean square deviations
A. The lower right hand curve illustrates typical interplanetary data,
the value of A=.3 gamma being typical of interplanetary space. It is
essentially the noise level of the instrument due to the + 0.4 gamma
digitization of the data processing procedure. The three remaining
panels in Figure 2 illustrate data from the magnetosheath. The upper right
hand curve with A = 0.6 is representative of a relatively good fit in the
magnetosheath while the remaining two curves with & = 1.6 and 1.5 gammas
are relatively poor fits. This parameter A is essentially a measure of
field fluctuations with periods less than 4 seconds and has proven very
useful in the data analysis, particularly in defining the earth's bow
shock front. An example of this will be presented in section 4.

As a check on the accuracy of the vector measurements of the monoaxial

spinning magnetometers, the quantity A was investigated in the magnetosheath
B




and in interplanetary space during the first 40 orbits. Large values
(®0.5) of this quantity indicate significant distortion of the assumed
sinusoid and possibly inaccurate vector measurements, while small values
indicate reliable measurements. Results showed an average value of

A/B =0.17 in the magnetosheath and A/B =0.09 in interplanetary space
during the first 40 orbits. The largest orbit average was 0.20 for the
magnetosheath and 0.17 for interplanetary space with the smallest orbit
average being 0.05 for both magnetosheath and interplanetary. On all
but five orbits more than half the individual measurements in the
magnetosheath have 4 less than 0.1. On all but one of these orbits
three quarters of tie measurements had 4 <0.2. The quantity

B
interplanetary space is smaller than in the magnetosheath in spite of the

A in
B

smaller s values. In the magnetosphere A was nrt calculated but would
B
be considerably smaller thanin the magnetosheath, since 4 tends to be

smaller and B larger.
These very small values of A demonstrate that the accuracy of the
B
monoaxial spinning fluxgate magnetometer is not seriously impaired even

by the "turbulent" fields of the magnetosheath. It should be noted that the

values of A where A is calculated from 4.8 seconds of data is considerably

smaller thin the quantity 8Xi previously reported (Ness et al, 1964)
where 60X is calculated from?the 12 vector samples calculated every
5.46 minutes. Interpretation of this resutt in the context of the
frequency spectrum of the wmagnetic fluctuations leads to the conclusion

that there is significantly more energy in the fluctuations with periods

of minutes than in fluctuations with periods of seconds.



3 1P 2 DATA COGRRECTIUNS

Initial inspection cf the IMr 2 data in payload coordinates revealed
discrepancies in the vector fields measured by the twe fluxgates. Thecse
discrepancies may be related to the third stage misfire and subsequent
mechanical and electrical stresses. Three types of corrections necessary
to bring the data into agreement are described in this section. An
estimate of the possible uncertainties in the corrected fields is made after
an investigation of the maximum magnitude of the corrections and their
uncertainties.

The most obvious of the discrepancies between the fluxgates was a
difference of approximately 10y in the component parallel to the spin
axis. This effect can be attributed to erroneous pre-flight calibration,
instrumental drift in the sensor zero levels, and/or spacecraft magnetic
field. Further inspection of the data revealed a difference in the
perpendicular field components measured by the twe fluxgates. This
difference varied with magnitude and was accompanied by a somewhat
smaller magnitude-dependent difference in the parallel components
superposed on the 10y offset mentioned above. These magnitude dependent
differences cannot be due to a zero offset,and and therefore have been
interpreted as misalignment of the spin axis-sensor angle © which
could be due to incomplete or improper boom extension.

To obtain detailed information on the magnitudes ef these discrepancies
and their variations throughout the spacecrait lifetime, ten minute averages
of the perpendicular and parallel components were computed independently for
each fluxgate. Quiet field intervals, generally of several hours length,
were processed on approximately one-third of all the orbits. These results

indicated that the perpendicular components differed by 15 + 2 percent
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from each ether at the beginning of the lifetime, with differences

decreasing to 5 + 2 percent near the end of the lifetime. The

magnitude independent part of the parallel component difference was found
to be 9y shortly after launch, with an increase to 1lly near orbit 70 and

a decrease to 9y late in the lifetime. The precision of these corrections is
estimated as#%Y in the quiet interplanetary and magnetosphere fields and
i*Yin the noisier fields near the middle of the lifetime. The magnitude
dependent part of the parallel differences are 10 + 3 percent shortly
after launch and near zero late in the lifetime.

A third correction was based on a check of the on-board calibration
field. During the first 40 orbits this field was found to be within 0.2y
of its nominal 10y value for each fluxgate. After the first turn-off of
the satellite, fluxgate A calibration increased gradually to 11 + .ly
and fluxgate B increased to 10.5 + .ly. In accord with this information
the total field magnitudes for fluxgates A and B were reduced by a8 maximum
of 10 and 5 percent respectively depending on the particular orbit.

The application of the zero offset correction was not as straight-
forward as the sensitivity correction,since it was not known unambiguously
which of the two fluxgates was in error or if both were in error. It was
immediately obvious, however, most of the 10y error had to be
attributed to_fluxgate A in order that the interplanetary fields
(known to have typical magnitudes of five gammas and to vary appreciably
in direction over long time intervals) not have inordinately high values
and always point generally along the spin axis. Further evidence that the
offset was in fluxgate A was obtained by sampling the parallel field com-

|
ponents randomly throughout the first 24 orbits. The average for fluxgate
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A was 9.0y while the average for B was -.ly. Interplanetary fields on the
average are known to have a small cemponent perpendicular to the ecliptic
plane (Ness and Wilcex, 1964) and the spin axis eof IMP-2 was roughly
perpendicular to the ecliptic plane early in the lifetime. Therefore, an
average parallel compenent near zero might be expected. On the basis of this
evidence the entire difference was attributed to fluxgate A during the first
89 orbits and the apprepriate correction was applied. After the spacecraft
turn-off period in orbit 89 an additienal three gammas was subtracted

from each fluxgate to impreve the agreement with the Rubidium vapor
magnetometer measurements of the steady fields ef the tail region. This
additional error may be due either to instrumental drift er analog
escillator drift.

A different type of correction has been applied to remove the magnitude=
dependent discrepancy between the twe fluxgates. This correction takes the
form of a modification tothe spin axis-detecter angle & which changes the
field in accord with the equationc in the previous section. Once the
differences between the fluxgates have been determined, the 8's required to
make the fluxgates agree are uniquely determined. These ceorrected 8's range
from 63° te 66° for fluxgate A (nominal vaiue 60°) and 34° to 38’3 ior flux~
gate B (nominal value 309).

During the latter half of the IMP 2 lifetime, the spacecraft traversed
the dawn-to-mignight portien of the magnetosphere where the fields are
below the fluxgate saturation level and also tend to be very sieady. In
these regions, total field measurements were availablc from the rubidium
vepor magnetometer for comparison with the fluxgate measurements. These

comparisens show that the cerrections applied to the fluxgate data improve
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the agreement between the two instruments, yet differences of up to 3 or

4 gammas in fields of 40 gammcs still exist. Therefore, it appears
that despite the fact that the two fluxgates can be brought into very good
agreement with one another, the absolute values of magnitude and directien
may be in error. An upper limit on the magnitude of these errors can be
estimated after investigating the magnitude of the corrections and their
probable uncertainties.

The most straightforward correction is that arising from the on-board
sensitivity check. This correction was not necessary during the first 40
orbits, and later was a maximum of ten percent of the total field for
fluxgate A and 5 percent for fluxgate B. This correction is a simple re-
duction in total magnitude,which does not alter the fiecld direction.

The angular (8) correction affects the parallel and perpendicular
components by different amounts and hence affects the field direction as
well as the total magnitude. The maximum change in magnitude due to angular
corrections is a 227 increase in fluxgate A field magnitude when the field
is perpendicular to the spin axis. The largest change in direction due to
this type correction is about 8° and occurs when the field makes an angle
near 45° with the spin axis.

The effect of the parallel offset correction will depend strongly on
the total magnitude of the field. For weak ambient fields subtraction of
a constant parallel offset may dominate the ambient field and cause very
" large angle changes. On the basis of the weak field interplanetary mea-
surements early in the lifetime and the Rubidium vapor magnetometer com-

parisons later in the lifetime, it is clear that the uncertainty in the
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parallel offset is less than the 10-12y correction that was made. A con-
servative estimate to the uncertainty of this correction may be taken as
+¥y. During early orbits in interplanetary space this uncertainty is mere
like +1y. Fields less than 10y are seldom measured by IMP-2 during the
later period when the spacecraft is ia the magnetosheath and the magnete-
sphere., For this ten gamma field a three gamma change in the parallel
compenent can preduce a 30% change in magnitude when the field is parallel
to the spin axis and an 18° change in angle when the field is nearly per-
pendicular to the spin axis.

It should be emphasized that the corrections discussed above are
generally the largest corrections that were applied to the data under field
cenditions that maximize the magnitude of the correction, At many periods
throughout the lifetime the maximum corrections made are not this large. It
is not possible to estimate the uncertainties in these corrections and
arrive at specific fixed limits on the absolute accuracy of IMP-2 measure-
ments. The best conservative estimate on the accuracy of the absolute mag-
nitudes may be taken as 10% except in small fields (< 10 gammas) where it
may be somewhat larger. For the absolute value of the field direction the
uncertainty is +8°, except in the very small fields when it is somewhat

larger.
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SECTION 4. THE MAGNETOSHEATH AND ITS BOUNDARIES

The magnetosheath of the earth, where shock-disturbed solar plasma
flows around the magnetosphere, has been traversed by numerous satellites
in recent years. (See Review by Ness, 1966). The average positions of
the inner boundary of this region, the umagnetopause, and the outer boundary,
the collisionless shock front, have been mapped near the solar ecliptic
equatorial plane for a wide range of local times and solar conditions.

This section presents results of measurements made by the IMP-2 satellite

in this region.

Figure 3 1illustrates the results of orbit 4 in a form similar to that
used by Ness et al. (1964) on IMP 1. Each point is the average of 12
measurements made over an interval of 5.46 minutes. The fields are given in
terms of the magnitude, F, and latitude and longitude angles & and ¢ in a
solar ecliptic coordinate system. Therms deviations of the 12 measurements along
each axils has been computed, although only 86X is shown as representative
of the three axes.

At the bottom of figure 3 are negative current values from the plasma
detector of G, P, Serbu of GSFC on board the same spacecraft. This retarding
potential plasma analyzer alternately sweeps the ranges +.5 to + 15 and
.: 5 to + 45 volts and has been described elsewhere (Serbu and Maler, 1966).
Only net negative currents are shown here and the values (in amperes) are the
approximately constant values obtained when the retarding potential is
more negative than -5 volts. The solid circles designate values computed
for the ~5 to =45 volt range and open circles for the -5 to -15 volt range.

The open circles computed for the more limited range have been used only

when the greater range measurements were unavailable.
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Figure 3 covers the interval beginning when IMP-2 is outbound from
inside the magnetosphere and terminating with the spacecraft again inside
the magnetosphere on the inbound pass. A readily identified magnetopause
crossing is evident at 10.5 Ry, where all the field quantities exhibit dis-
continuous changes. The electron current also rises near the magnetopause
and remains high until the spacecraft approaches the shock front at 2115
on October 8, 1964. After an interval of low field magnitude, RMS deviation
and negative current typical of interplanetary space, the field magnitude
exhibits another increase at 0035 on October 9. During the following hour,
the field magnitude and electron current show values typical of the magneto-
sheath but 6X, as well as the parameter A (not shown), have unusually
small values.

Two interpretations of this event are possible. One is that the
shock front has moved out past the satellite at 0035 with the outbound
satellite overtaking the shock at 0140. The second is that incoming
solar wind with enhanced field and plasma has passed by the satellite at
this time. The former explanation appears most plausable since similar
events are frequently observed near the shock front on IMP-2 whereas these
types of events have not been observed on satellites such as IMP~1 far from
the shock front. The low level of field disturbance at this time is unusual
for the magnetosheath, but other periods in the magnetosheath almost as quiet
have been observed. Observations of motion of the shock have also been
reported by Holzer et al.(1966) and Bridge et al. (1964).

Continuing inbound the satellite encounters another shock crossing near
~15 Rp followed by the magnetopause crossing just outside 12 Rp. It
should be noted that the inbound crossings are about 2 Rp further out than

the outbound crossings in spite of the fact that inbound crossings are
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slightly nearer the earth-sun line where they would normally be expected
to be closer. This shows that boundaries may move appreciably over a
time interval of several hours. Subsequent figures will emphasize the
importance of the motion of boundaries on shorter time scales.

Figure 4 presents the data for orbit 22 on November 3-4, 1964. Again
during orbit 22 there is a high field region near apogee which displays
all the characteristics of the magnetosheath. This is almost certainly a
case of the shock moving out past the spacecraft and immersing the space-
craft in the magnetosheath. On this orbit the rms deviations 6X as well as the
field magnitude and electron current display typical magnetosheath values.
The 6X values in this figure also illustrate the various levels of field
variabilitv which are characteristic of the magnetosheath. On this orbit
magnetosheath data from the outbound pass is relatively quiet while on the
inbound pass the magnetosheath is considerably more turbulent.

The time interval 0000 to 0600 on November 4 in figure 4 is shown en
an expanded time scale in figure 5. Here the field magnitude F and the
parameter A (See section 2) are presented for each 4.8 second measurement.
Four very sharp shock crossings are evident and labelled. A few points at
0215 are probably also associated with the shock. At times the field mag-
nitude and parameter A change from low interplanetary values to high mag-
netosheath values from one individual measurement to the next. At other
times such as SW1 in figure 5 the magnitude may change monotomnically
for several measurements. At still other times A may increase slightly in
interplanetary space before the magnitude increases in its typically abrupt
manner. This latter phenomena is equivalent to the detection of rapid

fluctuations outside the shock reported by Heppner (1965) since A measures
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the high frequency end of the spectrum. If one neglects these waves in

the low-field-magnitude interplanetary region and defines the shock as the

region of transition from wundisturbed interplanetary conditions to higher

field magnetosheath conditions, the transition can be said to usually eccur
over a time interval of less than 60 seconds. Often the transition clearly
occurs between measurements separated by 20.5 seconds. Less frequently the

variations in the interplanetary medium become greater before the magnitude

increases and the shock becomes less clearly defined. Since the spacecraft
is traveling at a velocity of less than 1 km/sec., the unknown velocity
of the shock front is undoubtedly the most important factor in converting
these transitions times to shock thicknesses. Detailed comparisen with
shock positions identified by the MIT plasma experiment (Binsack 1966) are
in excellent agreement with the magnetic field shock identifications. On
all orbits compared, the first appreciable deviation from intefplanetary
conditions corresponded to transition from directional interplanetary flew
to more isotropic magnetosheath conditions.

Returning to Figure 4 it is of interest to examine the magnetopause
in more detail. The outbound and inbound magnetopause crossings have been
marked just outside 13R; and inside 1llRg respectively but this is an ever-
simplification. On the outbound pass a detailed study shows that abeut 15
minutes after the crossing marked on figure 4 the magnetopause overtakes
the outbound spacecraft so that the spacecraft spends about 5 minutes in
the magnetosphere before again ovrrtaking the magnetopause. On the inbound
pass there are several multiple boundary crossings which are rather obscured

in the 5 minute averages of figure 4.
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This boundary motion phenomena is better illustrated in figure 6
which shows the individual 4.8 second measurements during the inbound pass
of orbit 28. The dashed line represents the theoretical field determined
from the Finch and Leaton (1955) coefficients and its presence corresponds
to periods when the spacecraft is within the magnetosphere. Both experi-
mental and theoretical fields are given in a coordinate system defined
here as solar magnetic. The Z axis points along the dipo}e axis, the
X axis lies in the plane formed by the Z axis and the earth-sun line, and
the Y axis completes the right-handed orthogonal system. When the space-
craft is within the magnetosphere the measured field strength is approxi-
mately twice the theoretical field while the observed angles differ from
the theoretical values in a manner which corresponds to enhanced compression
near the equatorial plane and twisting of the field out of the meridian
plane. (See section 6 for further discussion of the magnetospheric topo-
logy). After the initial magnetopause crossing at 0805 four different
intervals are apparent when the spacecraft returns to conditions similar
to those experienced before the initial magnetopause crossing. A typical
magnetopause crossing occurs on a time scale of one minute and is probably
somewhat longer than the typical shock crossing. This is in agreement with
the results of Cahill and Amazeen (1963) where better time resolution per-
mits the study of these phenomena more clearly.

Figure 7 illustrating orbit 19 shows clear magnetopause crossings
near 12 Rgp both outbound and inbound. Almost four continuous hours of in-
terplanetary measurements are encountered on the inbound portion of this
orbit. Additional shorter intervals of interplanetary field (not marked)
can be easily discerned from detailed plots and are found to occur near

2015, 2100, 0255, 0315, 0430, and 0510.
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Figures 8 illustrates orbit 8 and is of special interest because of
the outbound traversal through the magnetopause, On this orbit there is
no clear discontinuity in either field magnitude, direction or electron
current. This has been observed to occur on occasional orbits and the
lack of a clear magnetopause in the magnetic field data invariably cor-
responds to a diffuse plasma magnetopause characterized by slowly changing
plasma currents (Binsack 1966). This phenomena has important implications
concerning the entry of plasma into the magnetosphere and will be pursued
in future work. On the inbound pass in figure 8 the field boundary is
again very well defined by magnitude and angle discontinuities.

A summary plot showing intervals when IMP-2 was in the magnetosheath
is presented in figure 9 which shows the solar ecliptic plane with the
sun at the left. All spacecraft positions have been transformed into the
solar ecliptic plane by rotating them in a meridian plane. The inner
terminations of each orbit represent magnetopause crossings and the outer
terminations represent shock crossings except when an arrowhead designates
that data was missing and the boundary is beyond the end point. The
occurrence of boundary motion is illustrated by breaks in the lines on
many orbits although many short period boundary movements cannot be
presented clearly in this type of presentation. Average positions of
the shock and the magnetopause have been sketched on Figure 9 and are
in good agreement with previous results (See review by Ness 1966).

The spacecraft penetrated the magnetopause on every orbit investi-
gated prior to orbit 69 and again on orbits 70, 72, and 77. The closest
magnetopause crossings observed by IMP-2 occurred at 8.9 Ry on the

outbound pass of orbit 16 three minutes after the observation



of a sudden commencement geomagnetic storm (Lincoln 196Z). ©On this
same pass, the interplanetary field was encountered at 11 Ry wnich was
the nearest to the earth that the interplanetary medium was observed.
The outermost observation of the magnetosphere within 45° of the earth
sun line occurred at 14.0 RE on orbit 14, It irs apparent in figure 9
that magnetopause crossings near the same meridian may vary by = 2.5 Rg
or more,

Another unusually close magnetopause crossing occurred on orbit 25
and was near the beginning of a magnetic storm. Additional evidence for
compression at the time of storms comes from the outbound pass of orbit 30.
On this orbit the spacecraft passed through the magnetopause near its
average position of 12.5 Rg shortly before a sudden commencement storm. While
the spacecraft was in the magnetosheath the sudden commencement storm
occurred and the shock wave was observed only 72 minutes later, 0.8 R
beyond the magnetopause crossing. The magnetopause crossing on orbit 77
occurred approximately-43 hours after a storm sudden commencement which
occurred at 1612 on January 20. No magnetopause had been observed, however,
w hen the spacecraft was at apogee on the previous orbit 14 hours after the
sudden commencement.

Clear’;, the boundaries move in at the time of a storm sudden
commencement although correlation between magnetopause position and Kp
is not readily apparent. This lack of correlation is in agreement with
results of Patel and Dessler (1966) and is probably related to inflation
of the magnetosphere by the ring currents associated with enhanced

magnetospheric plasma. (Freeman 1964). During the recovery phase of
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magnetic storms there is some evidence from IMP 2 for larger magnetopause
distances such as seen by Freeman on Explorer 12. The conclusion is theat
increased solar wind pressure is the important effect early in a storm
producing a reduced boundary position. Later in a storm the intermal
pressure associated with inflation of the inner magnetosphere is dominant
and leads to increased boundary distances. The anomalous case of

orbits 76 and 77 may be related to dynamics of the storm associated with

t he tail and polar substorms.
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SECTION 5. INTERPLANETARY MAGNETIC FIELDS

The IMP-2 mission was considered a failure due to the inability to
make extended observations of the interplanetary medium. However, the
satellite penetrated the bow shock and made interplanetary measurements
for periods of 30 minutes to 20 hours per orbit om 35 of the first 40
orbits during solar rotations 1795-1797. Over 43,100 individual 4.8
second interplanetary measurements were obtained which is equivalent to
more than 325 hours of data. The interplanetary measurements are often
interspersed with intervals of magnetosheath data due to shock motion,
but the clarity of the shock front has made it possible to isolate the
interplanetary data for independent study.

The distribution of these individual field magnitudes is shown in
figure 10. The relative number of occurrences in each 1/2 gamma interval
is plotted versus magnitude. The average interplanetary field magniéude
is seen to be between 5 and 6 gammas and the most probable value is
around 4 gammas. It is likely that these measurements are not an exact
representation of typical interplanetary field conditions since the avail-
ability of the measurements is dependent on the position of the shock
which in turn is dependent on solar wind conditions.

Another important characteristic of the interplanetary magnetic
field is its directional orientation over time intervals comparible to
the 27 day solar rotation period. The IMP-1 satellite magnetic field data
obtained near the end of 1963 revealed that the interplanetary magnetic
field direction in the ecliptic plane was divided into four distinct
sectors (Ness and Wilcox, 1965). Within each sector the field was directed

predominantly toward or away from the sun near the theoretical spiral
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angle predicted under the assumption of plasma flowing radially outward
from a rotating sun. These satellite measurements correlated well with
solar magnetograph observations of the sun's field and support the inter-
pretation that the interplanetary field is connected to the sun (Ness and
Wilcox, 1964). As the sun rotates these sectors were found to sweep past
the earth, reappearing approximately every 27 days. Various other solar
wind parameters, geomagnetic activity, and cosmic ray intensity were also
found to be related to the sector structure, (Wilcox and Ness, 1965).
IMP-1 measurements were limited to the study of three solar rotations in
late 1963 - early 1964 and it is of interest to examine the structure of
the interplanetary medium at other times.

Mariner 2, launched in August 1962, made interplanetary measurements
during three solar rotations in late 1962 and found evidence for two
sectors (Davis et al, 1966). Mariner 4 launched one year after IMP-1 made
interplanetary measurements which have been reported for three solar ro-
tations from December 1964 - February 1965 (Coleman et. al. 1966). These
results indicated the presence of several sectors but they did not exhibit
the well defined recurrence patterns of either Mariner 2 or IMP-1.

The procedure used for studying field directions on IMP-2 was to
divide a sphere representing a solar ecliptic coordinate system into 96
equal solid angles. The distribution of individual 4.8 second interplanetary
field measurements among these 96 equal solid angle regions was then in-
vestigated for each orbit. The division of the sphere was accomplished
by first creating nine latitude regions bounded by the latitudes + 78.3°,
+ 54.3%, +34.2°, + 10.8°. The polar regions above % 78.3° each formed

one region. The region between 54.3° and 78.3° was divided into eight
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intervals of 45° longitude, and lower latitude regions were divided

into 12 or 18 intervals of 300 and 20° longitude. The 96 regions are
projected on a plane as in figure 11 where the solar ecliptic longitude
angle § is the abscissa and latitude O is the ordinate. The center

of a region in each latitude range was chosen to correspond to average
spiral angles of @ = 1359 and @ = 3150,

The numbers in the intervals in figure 11 represent the total number
of individual 4.8 second interplanetary measurements occurring during the
first five orbits. It can be seen that the numbers range from a high of
385 near the average spiral angle pointing toward the sun to a low of
zero in a direction approximately opposite to this. The grouping of high
values near the spiral angle pointing toward the sun mark this very de-
finitely as a negative sector (negative defined as toward the sun; positive
defined as away).

Upon examing the distributions for each orbit, it was generally a
simple matter to ascertain whether the orbit belonged to a positive or
negative sector. Consecutive orbits of the same polarity were then col-
lected forming eight groups (four recurring sectors) during the two solar
rotations from October 4 - November 27. Summary distributions similar to
figure 11 were constructed for all eight sectors and from these plots,
contours of equal occurrence were drawn. These are illustrated in figure
12 where the value one designates that expected for isotropic distribution,
three designates three times an isotropic distribution, etc. Vertical
lines at P = 135° and 3159 represent theoretical spiral angles for a 440

km/sec solar wind. There is a clear tendency for fields to group themselves
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near the spiral angle pointing either toward or away from the sun. 1In all
cases the 0.1 dotted contour indicates a paucity of fields in the direction
opposite to the maximum. The preference for fields to be near the ecliptic
plane is also apparent from figure 12 although a substantial number of
fields point appreciably out of the ecliptic. During the fifth sector
there is a filament of positive polarity occurring during the predominantly
negative sector. The fields forming this filament near @ = 120° in Sector
5 occur during the interval 0140-0430 on orbit 22 and have been presented
in figure 4. The angular change of @ occurring near 0430 takes place over
a time interval of 10 minutes.

The recurrence properties of the IMP-2 sectors can be investigated
with the aid of figure 13 where the sector polarity has been superposed on
27 day Kp diagrams. Shown at the top of the figure are the average IMP-1
recurring sectors for solar rotations 1784-1786, and at the bottom the
Mariner 4 data and Kp. The recurrence of the four IMP-2 sectors during
the second solar rotation is quite clear with the boundaries reappearing
within a day or two of their position on the previous solar rotation. In
addition, the correspondence to the IMP-1 sectors observed one year earlier
is quite good. Not only are four sectors present as at the time of IMP-1
but their positions are approximately the same. The size of the four sectors
have changed slightly during the interval between IMP-1 and the IMP-2
observations.

Agreement between the IMP-2 sectors and the Mariner 4 sectors immed-
iately following IMP-2 is not as good. Mariner 4 early in its flight was
ahead of the earth in its motion around the sun and later passed behind
the earth at a distant of about 3000 Rg. Sector boundaries would then

be expected to arrive At the earth before arriving at Mariner 4 but the
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correction is always less than a day in the data shown, (Davis, 1965).
There is a general correspondence between IMP-2 and the first solar
rotatfon of Mariner 4 but the sectors begin to evolve quité rapidly
during subsequent rotations. As pointed out by Coleman et. al., (1966),
May through November 1964 represented a period of minimum solar activity
where stable sector patterns might be expected to occur. The evolution
of the patterns in early 1965 may be related to increasing solar activity.
The IMP-1 result showing that geomagnetic activity reaches a peak
about 2/7 of the way through a sector has been studied with the IMP-2
results. General agreement with this result can be deduced from figure
13 but a more refined analysis such as was used on IMP~1 (Wilcox and
Ness, 1965) better demonstrates the agreement and is shown in figure 14,
To prepare this figure the daily sum of Kp was assigned to each day and
the duration of each sector was normalized to a value of one. The ordinate
in figure 14 represents the average daily sum at the position within the
sector given by the abscissa. The four positive and four negative
sectors were treated separately and are represented by plus
and minus signs in figure 14, The agreement between figure 14 and the
IMP-1 results is very good with the peak in each case occurring early
in the sector and a minimum at the end. The values of ¥ Kp are also in
good agreement at the peaks and at the minima. The three high
positive values near the end of the sector can be traced to high Kp
values occurring after the passage of a sector boundary. These high Kp's
raise the Kp daily sum for the period at the end of a sector which was
actually quiet. Comparing the Mariner 4 sectors and Kp in figure 13,
it appears as if high Kp values occur near the end of a sector.
Consideration of the earth-Mariner position relationship mentioned above

would tend to shift the sector crossings such that the high Kp's would
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occur early in the sector but it is not clear that the correction would
be large enough to bring the results into agreement with the IMP-1 and
IMP-2 results.

The distribution of field magnitude within a sector shows a tendency
for higher fields to occur early in a sector such as was observed on IMP-1,
but frequent passage through the magnetosphere precludes an analysis
similar to that carried out on IMP -1 data.

To investigate the relation of sector structure to field in the mag-
netosheath, an analysis was performed identical to that used for the inter-
planetary tield. The distribution of fields in the 96 regions was obtained
for each sector and contours were again drawn. The distribution was found
to be highly anisotropic in a manner similar to the interplanetary fields.
From the contour plots an average @ angle was estimated for both inter-
planetary and magnetosheath fields for each sector. 1In figure 15 the
average field magnitudes are plotted at the corresponding @ angles at
positions corresponding to the average shock positions in the solar ecliptic
plane. Positive sector interplanetary fields are represented by the solid
vectors at the inner shock wave and corresponding magnetosheath fields are
represented by dashed vectors. Negative sector results are shown at the
outer shock wave (which has been duplicated for clarity). The average
8's for each sector are always less than 16°.

In figure 15 it can be seen that average magnetosheath fields point
generally towards dusk and dawn for positive and negative sectors re-
spectively. It is clear that the smaller interplanetary fields should
experience an angle change at the shock in order that the normal field

component be continuous across the shock, but the angle change in figure
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15 appears to be larger than expected from this argument. The reason
for this is that the vectors in figure 15 were derived from data taken
throughout the magnetosheath and therefore represent not only the effect
of the shock wave but the effects of interaction with the magnetosphere.

The directions of the average magnetosheath field suggest that the
fields tend to align themselves tangent to the magnetosphere after under-

going an initial angle change at the shock.
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SECTION 6. THE MAGNETOSPHERE

When IMP-2 is in the magnetosphere on the sunward side of the earth
the fluxgate sensors are usually saturated and accurate measurements are
seldom possible. As the orbit moves toward the dawn meridian in solar
ecliptic coordinates, the field strengths in the outer magnetosphere de-
crease below the saturation level and measurements are obtained. As
time progresses an increasing fraction of each orbit is spent within the
magnetosphere and after orbit 77 the spacecraft is always completely
within the magnetosphere. IMP-2 1is therefore able to perform an extensive

mapping of the dawn-to-midnight region of the magnetosphere between approx-
imately 9to 16 Rg.

One of the most striking characteristics of magnetic field data in
this dawn-to-midnight region is the absence of large fluctuations of the
field in the frequency range of cycles per second. Values of A are
typically0,5Y in fields up to 40y and values of 0.2yor 0.3y (characteristic

of interplanetary space) often occur in the weaker magnetosphere fields.
Quasi-sinusoidal fluctuations with periods of several minutes and amplitudes
of several gammas are more common, particularly in the weaker fields near
the equatorial plane.

Primary emphasis in this phase of IMP-Z magnetosphere analysis has
been placed on studying the average magnetic field topology with special

attention given to the formation of the tail in the dawn-to-midnight region.
For this purpose hourly averages in solar magnetic coordinates were used.
This coordinate system is equivalent to a geomagnetic local time and
latitude coordinate system. It is the most convenient system to investi-
gate the distortion of the approximately dipole field close to the earth

where the dipole orientation is as important as the solar wind direction.
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The projections of the field in the solar magnetic XY plane are
plotted and shown in figure 16. The trajectory of IMP 2 is such that
the spacecraft is always well below the solar magnetic equatorial plane
on the outbound portion of each orbit but nearer the equatorial plane on
the inbound portion of the orbit. Whether the spacecraft crosses the
equatorial plane before the detectors saturate depends on the orientation
of the dipole when the spacecraft is inbound in the region 10-12 R_.. Since
the dipole axis makes an angle of 11.5° with the rotational axis, this
orientation depends on universal time. Only for a limited range of dipole
orientations does the spacecraft cross the equatorial plane and make
measurements in the northern hemisphere.

Figure 16 shows the projection of more than 350 hours of data which
represents approximately 50 percent of the available data. Data from below
the equatorial plane near apogee in the midnight hemisphere has been
eliminated to prevent crowding in this graphical presentation. The fact
that almost all measurements are below the equatorial plane is noted readily
since the fields generally point away from the earth. The fields that de
not point away from the earth, near X = -9, ¥ = -4, are megsurements
from above the equatorial plane. A dipole field would have a radial
projection at points off the equatorial plane se the non-radial nature
of the fields in figure 16 illustrates how the field is swept back to
begin the formation of the tail by the solar wind,

The measurements in figure 16 show good correspondence among thcm
selves in the various XY positiens in spite of the fact that the measure-
ments were made as much as 7 RE below the equatorial plane. This obser-

vation suggests that at least to a first approximation, an entire magnetic
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field meridian plane is swept back towards the tail by the solar wind.
These hypothetical distorted field planes are sketched with dashed lines
in figure 16, The eight numbered curved meridian surfaces are shown in
figures 17a and b where total field magnitudes have been plotted at the
angle the field makes with the equatorial plane. The location of the fcot
of each vector is the solar magnetic Z position of the measurement and

the XY position measured along the curved surfaces of figure 16. Undistorted
dipole field lines are included in figure 7 for comparison. Solid vectors
indicate that the sun was below the magnetic equatorial plane and dashed
vectors indicate the sun was above this plane,

For surface 1 in figure 17 the observed field direction agrees well
with the theoretical dipole field outto 12 R,. Beyond this distance the
field lines begin to be distorted so that they are somewhat more radial
than a dipole. The negition where dipole-like fields near the equatorial
plane turn over and point toward the earth appears to lie above the
equatorial plane when the geomagnetic latitude of the sub-solar point is
negative. TFor surface 2 the radial distortioun is more pronounced with the
field lines being dragged out in a manner that is reminiscent of
measurements near the midnight meridian (Ness, 1965; Cahill, 1967). Weaker fields
are seen near the equatorial plane as reported by Speiser and Ness (1966).

Surfaces 3 and 4 have less data due to spacecraft shutoff during
part of the time the satellite was wthin this regien. Few measurements
are made above the equatorial plane but two in section 4 suggests a dis-
tinctly radial field near 10 Rg. Surfaces 5 and 6 in figure 17b confirm

this and show that the generally solar-antiselar fields‘characteristic
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of the tail may extend into the magnetosphere as far as 9 RE near the
midnight meridian plane. Surface 5 provides further illustration of

solar wind directional control of the position of the inner edge of the
neutral sheet. When the solar wind :s incident on the dipole at a

positive solair gcomagnetic latitude, three dashed vectors near the
equatorial plane point toward the earth, demonstrating that the field
reversal region now extends below the magnetic equatorial plane. When the
sun is at seuthern geomagnetic latitudes the satellite must go further

north before the field reverses and points toward the earth. The twe

large vectors above the equatorial plane beyond 12 RE peinting away from

the earth were taken about 16 hours after a sudden commencement storm on
March 12 when the magnetic latitude of the sun was -14°, During the following
hour the field reversed direction and the hourly average is the small

vector above the equatorial plane in surface 4. This region of reversal

was apparently moved 1.6 Rg above the equatorial plane and the field reached
a minimum of 8y at the time of the reversal.

The fields well below the equatorial plane in surface 6 point primarily
in the antisolar direction, but also have a small southward component even
when the solar wind is incident from southerly geomagnetic latitudes.

This observation is confirmed in surfaces 7 and 8 although at the time
of these later measurements the sun is more often above the solar magnetic

equator,



VII SUMMARY

The IMP 2 satellite’investigated magnetic Lields in interplanetary
space, the mcgnetosheath and the magnetosphere between Getober 4, 1964 aud
April 7, 1965. This was a time of generally low solar activity but
several moderate magrnetic storms occurred most of which wereof the
recurring type often said to be associated with M regions.

Over 325 hours of interplanetary data were cobtained between
October 4 and November 30 during solar rotatlons 1795 - 1797. IML 2
detected the intecrplanetary field directioun pertitioned into rfour
recurrent sectors similar to thosc secctic.s scen by IMP 1 one year
earlier. However, the sectors seen by the INP 2 were of approximately
equal size, so that small changes in the sizes of the sectors had occur-
red. The 4 sectors seen by IMP 2 on tuz first zolar rotution reappezred
in gpproximately 27 days. The positiocus and scnse of sectors ggreed
reasonably well with IMP 1 measurements covering solar rotations 1783-17835.

The correspondence with Mariner 4 measurcments made immediately after
IMP 2 was not as clear. A relatively stable pattern of 27 day recurring
nagnetic activity was present between IMP 1 and IMk 2 intervals whereas
this stzble pattern began breaking up late in 1964. This suggests
that evolving solar magnetic fields associated with the new susnspot cycle
led to the changing sectors seen by Mariner 4 and the disagreement with
IME 2.

High interplanetary fields tended to occur early in the varicus

sectors as they swept past the earth, but frequent and long perigee gaps
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precluded an extensive analysis of the intcrnal sector structure. High
Kp values also showed a strong tendeucy o occur early in a sector with
low Kp values occurring near the end of a sector. Both of these results are
in good agrecement with the IMF 1 results (Wilcox and Ness, 1965).

The direction of the interplanetary field in any one sector varied
considerably in direction but teunded to be distributed about the
theoretical spiral angle. The direction was often quite constant for
perieds of hours at a time, however, at other times it changai gradually
over durations ranging from a few minutes up to hours. On other occasiens
the field directions changed abruptly by as much as 180° between
measurements taken 20.5 seconds apart. The few apparent sector boundaries
seen by IMP 2 tended to correspond te less rapid angle changes. During
each sector the ratie of the number of fields aleng the spiral angle in one
direction to that in the epposite direction was typically 100:1.

The average interplanetary field direction for each sector was
always near the solar ecliptic plane and the angle in the ecliptic
plane was usually within 25° of the average theeretical spiral angle
of 135° (315°). Magnetosheath fields during each sector were found to
exhibit a highly anisotropic distribution with average f{iclds pointed
towards the dusk and dawm meridians for away and tward scctors respectively.
This clear relatien between the interplanetary field directien and the
magnetosheath direction shous that interplanetary fields are convected
through the earth's bow shock frent where they are compressed and thus
increase in magnitude while experiencing relatively small changes in
direction. The average fields computed from measurewents made

throughout the magnetesheath tend to lie nearly parallel to the avcrage
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shock front so that the field component normal to the shock is less
than the interplanetary field normal to the shock. Since the normal
components across the shock must be continuous, this result suggests
that the magnetosheath field direction is determined not only by the
interplanetary field and its passage through the shock but is also
strongly influenced by interaction with the magnetosphere. The ap-
parent alignment of the average magnetosheath fields with the shock
is more likely an alignment of the fields tangent to the magnetopause.
This result indicates that the interplanetary field is draped around
the magnetosphere as the solar wind flows around it.

Investigation of the IMP-2 magnetic field data on an expanded
time scale has revealed apparently frequent motion of both the bow
shock and the magnetopause. Multiple shock crossings were observed
on the great majority of orbits and multiple magnetopause crossings
on approximately half the orbits. Shock crossings typically occurred
in less than one minute and often in less than the 20.5 seconds between
measurements. Clear shock crossings could often be resolved when they
were separated by only a few minutes in time but more typically they
were tens of minutes apart. Magnetopause crossings generally took some-
what longer than one minute and were generally more difficult to resolve,
particularly when the magnetosheath fields were aligned approximately
parallel to magnetosphere fields and both fields were undergoing
fluctuations. The time intervals between multiple magnetopause crossings
were typically 10 to 20 minutes and usually not more than 5 or 7 crossings

were observed on any one pass.
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Since the satellite is in motion, it is impossible to convert
boundary crossing times to distances without assuming a velocity for
the boundary. With the available data from only one satellite it is
also impossible to distinguish between traversals of the boundaries
due to radial motion of the entire magnetopause or waves propagating
on a relatively fixed boundary. The variability of boundary positions
for all the orbits suggests that radial motion is important on long
time scales but waves may also lead to the multiple crossings.

Comparisons of magnetic field boundary positions with those
simultaneously determined from two plasma experiments on board IMP 2
were generally very good. Both the >5 ev electron current of the
GSFC retarding potential plasma analyzer and the ion currents measured
by the MIT Faraday cup experiment showed a marked enhancement in the
magnetosheath relative to either the magnetosphere or interplanetary
space. The agreement between GSFC magnetic field and MIT plasma shock
positions was particularly good when comparisons were made on the
finest time scale possible, that is 5-80 seconds depending upon relative
position in the telemetry format of the shock crossing.

Identifications of the magnetopause by the three experiments were
in good agreement on most passes but there were some interesting excep-
tions. On some occasions there was evidence for enhanced plasma
detector currents inside the magnetopause as identified by the magnetic
field measurements. This suggests direct entry of solarlwind piasma
into the magnetosphere which could serve as a source of trapped particle

radiation., On several passes through the magnetopause there was an



-36-

absence of either a magnitude or angle discontinuity in the magnetic
field data. This circumstance was invariably accompanied by a gradual
change in plasma currents from high magnetosheath values to low mag-
netosphere values rather than the typical sharp discontinuity. Clearly
one prerequisite to having this conditioun is that magnetic fields in
the magnetosheath be aligned parallel to the magnetosphere fields in
order not to have an angle discontinuity. Except for parallel fields,
other circumstances necessary to produce this condition have not yet
been discerned.

Often fields within the magnetosheath are relatively constant in
direction and magnitude while at other times the fields exhibit important
fluctuations with periods of fractions of a second to minutes. On
occasion the magnetosheath fields rapidly change from very disturbed
to very quiet conditions. No spatial variations are readily apparent
other than a tendency of the more quiet fields to occur further from
the subsolar point. The character of the magnetosheath field must be
dependent on interplanetary conditions which may change the nature of
the interaction at or inside the shock.

Magnetic field fluctuations in the magnetosphere are particularly
evident near the subsolar point in the region where trapped and quasi-
trapped particles are found. Nearer the dawn m=ridian fluctuations
with periods of seconds are of decreasing importance and most of the
energy is associated with fluctuations with periods of minutes. The
regions of the magnetic tail in the midnight hemisphere are often devoid
of any fluctuations, particularly away from the solar magnetic equator.
Nearer the solar magnetic equator waves with periods of minutes are

often apparent.
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The average topology of the geomagnetic field has been studied
by plotting hourly average vectors in the solar magnetic equatoral
plane and in curved meridian surfaces perpendicular to this equatorial
plane. The equatorial plot illustrates how the goemagnetic field is
swept back towards the tail by the solar wind. This effect is apparent
even quite close to the subsolar point. Meridian surface plots
demonstrate how the field lines begin deviating from almost dipole
lines near the dawn meridian in a manner which gradually increases
until the fields are directed primarily in the solar or anti-solar
direction in the northern or southern hemisphere near midnight. The
fields are found to be directed predominantly parallel to the solar
magnetic equatorial plane and in a radial direction near the midnight
meridian as close to the earth as 9 Rg. The small radius of curvature
for field lines crossing the equatorial plane at these distances seems
certain to be a limiting factor in the trapping of particles in durable
360°longitude drift orbits.

The effect of the solar wind direction in controlling the position
of the inner edge of the neutral sheet has also been studied with the
IMP 2 measurements. Far from the earth the solar wind direction con-
trols the average position of the neutral sheet (Speiser and Ness 1966)
whereas near the earth, the geomagnetic dipole predominates and field
lines have a raidal component away from the earth above the magnetic
equatorial plane. IMP 2 measurements clearly show that when the sun is
at a southernly magnetic latitude, the solar wind forces this region

of radial component reversal above the solar magnetic equator whereas



when the sun is at a positive magnetic latitude the reverse is true.
There appears to be a swooth transition from complete control of the
radial field component reversal by the solar wind far from the earth
to complete control by the dipole near the earth. During one

pass in a storm the reglon of reversal was particularly clear at a
position 1.6 Rg above the solar magnetic equatorial plane at a
radial distance of 12 Ry when the sun was 14° below the magnetic

equator,
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FIGURE CAPTIONS

Projection of the IMP 2 orbit on the solar ecliptic plane
at various times throughout the satellite lifetime. Three
intervals are shown when a favorable spin axis-sun angle
permitted continuous operation of the spacecraft.

Representative spin modulated raw data curves and best fit
5inusvlds determined by least squares procedures.

IMP 2 Orbit 4 magnetic field and plasma current data (Inegative) on
October 8 - 9, 1964 illustrating observations of the
magnetosphere, the magnetopause, the magnetosheath and
interplanetary space. The high field region beyond 15 Rg

between 0030-0130 prebably represents the magnetosheath

and thus motion outward of the bow shock wave.

IMP 2 Orbit 22 magnetic field and plasma current data on
November 3-4, 1964. Clearly evident is th2 uultiple
crossing of the bow shock wave while the satellite was near
apogee and thus almost stationary.

Individual magnetic field magnitude measurements and RMS
deviations at 20.5 second intervals illustrating motion
of the shock. This is an expanded data and time scale
presentation of the multiple shock crossings shown in
Figure 4,

Individual 20.5 second magnetic field vector measurements and
theoretical fields in solar magnetic coordinates illustrating
motion of the magnetopause as observed by IMP 2.

IMP 2 orbit 19 magnetic field da:e on October 30-31, 1964
illustrating clear and well defined magnetopause and shock crossings.

IMP 2 orbit 8 magnetic field and plasma current data on
October 14-15, 1964 illustrating a diffuse or poorly defined
magnetopause between 1200-1500 on the outbound orbit.

Presentation of the IMF 2 trajectory in the ecliptic plane

for intervals when the spacecraft is within the magnetosheath.
Satellite positions have been converted to the solar

ecliptic Y plane by rvotation in a weridian plane., Average
magnetopause and zhock positions have been sketched in with

a dashed linc. <The innciwosc observation of the magnetopeusc
occurred at £.9 Re end the outeraost observation within

45% of the verth sun line vas at 14.0 R2p.
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10
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15

16

17

NP 2 interplanetary magnetic field wmagnitude Jdistribution.

Sample of the subdivision into 96 equal solid angle
portions of the solar ecliptic sphere as shown prcjected
on a plane. Values indicate number of interplanetary
field measurements occurring within cach interval during
the first sector observed by IMY 2.

Contours of equal field occurreuce grobability for

8 IMP 2 interplanetary sectors. Data hcas bzen normalized
so that 1 designates isotropic distribution. Vertical
dashed lines indicate theoretical spiral angles of 135°
and 315°.

Kp diagrams with IMP 2 and Mariner 4 sectors superposed.
Average IMP 1 sectors are included at the top of the figure.

Distribution of geomagnetic activity within a sector.

Average interplanetary and magnetosheath field magnitude
plotted at the average @ angle for each of the IMP 2 sectors.
Average solar ecliptic © angles are allless than 169°.

Projection of hourly average magnetosphere fields on the
solar magnetic equatorial plane. Dashed lines indicate
the intersection of hypothetical meridian surfaces which
apyroximately contain distorted dipole ifield lines.

The curved meridian planes are shown whose intersections
with the solar magnetic equatorial plane were defined in
figure 16. The hourly average magnetic field magnitude is
plotted at the angle the field makes with the solar magnetic
equatorial plane.
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